Asporogenous and oligosporogenous mutants of Bacillus subtilis blocked at stages 111, IV and V and carrying mutations at 18 different genetic loci have been tested for complementation. This was done by preparing protoplasts 3 h after induction of sporulation (t3) and fusing them with wild-type protoplasts prepared in parallel. After incubation to t,, the suspension was assayed for heat-resistant (80 OC, 40 min) colony-forming units. Mutations in 9 of the 18 loci were complemented, i.e. the spore count was increased > 1000-fold. All of the complemented mutants, except for one stage V mutant, were blocked at stage IV. Spomutants that were complementable by wild-type were also complementable by other Spomutants provided that they did not carry the same spo mutation. Complementation analysis was applied to three alleles in the spoZVC locus. The complementation pattern suggests that there are at least two cistrons in the locus and this agrees with the mapping data.
I N T R O D U C T I O N
Sporulation in bacilli is the result of an ordered sequence of biochemical and morphological events. These are controlled by genes lying in more than 30 known loci (Piggot & Coote, 1976) . The total number of loci has been statistically estimated as being between 42 and 59 (Hranueli et al., 1974) . If we knew the average number of genes in a locus we would have a fairly reliable estimate of the genetic complexity of this primitive developmental system. For this reason a practicable method of carrying out complementation tests would be valuable; it would also help to establish the dominance relationships of mutations and thus help our understanding of the regulation of sporulation.
Complementation in Bacillus subtilis has been described by Audit & Anagnostopoulos (1973) who produced partial diploids covering a limited segment of the chromosome. Unfortunately, the system proved experimentally difficult and it also gave rise to spurious dominance relationships (Trowsdale et al., 1978) .
We have attempted to obtain complementation by a different procedure. In principle, a spore blocked at any stage in sporulation could be 'rescued' by transferring it to the cytoplasm of a wild-type cell at the same stage of sporulation. In practice, this can be achieved fairly easily by preparing protoplasts and fusing them with polyethyleneglycol (Schaeffer et al., 1976; Fodor & Alfoldi, 1976; Hopwood & Wright, 1979) . Although complementation is to be expected, there are two possible difficulties that might stand in its way. First, the spo mutation might be trans-dominant. Second, complementation would be prevented if the gene concerned is one that is effectively expressed only in the spore compartment and not in the mother cell. The experiments of Piggot (1978) and Lencastre & Piggot (1979) seem to show that this is the case for some sporulation genes. If one of these genes is mutant, and if the wild-type product will act in spore development only if present
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within the spore. the defective protein product will not be complemented unless functional molecules present elsewhere in the sporangium can diffuse into the spore.
Although. in theory, it should be possible to obtain complementation with mutants blocked at any stage of sporulation, the use of protoplasts before they contain engulfed forespores (stage 111) is precluded for topological reasons. Fitz-James (1964) has shown that sporulation occurs in protoplasts only after stage I11 has been attained. Treatment of a sporangium with lysozyme before the completion of engulfment results in the production of two separate protoplasts -one derived from the mother cell and the other from the prespore -thus making sporulation impossible. For these reasons, complementation was attempted only with mutants blocked at, or after, stage 111. This paper shows that protoplast fusion provides a simple means for studying complementation of sporulation mutants.
M E T H O D S
Organisms. Bacillus subtilis 168 (trpC2) was used as the parent: in the presence of tryptophan it sporulates normally and is referred to as the wild-type. The other strains used were all derived from it and are listed in Table  I . Strain MY2016 sporulates normally in the presence of histidine and lysine. The nomenclature for spo strains is that recommended by Piggot & Coote (1976) . All of the spo strains used sporulated at a frequency less than 0.0 1 % of that of the parent strain.
Growth and sporulation. The procedure of Sterlini & Mandelstam (1969) was used. Cells were grown in a hydrolysed casein medium to about 0.25 mg dry wt ml-I and then transferred to a similar volume of medium containing glutamate, salts and any auxotrophic requirements. The nutritional step-down initiates sporulation; after 8 to 10 h at 37 "C, when the process is essentially complete, the wild-type culture contains about 5 x 10' spores ml-'. Times (h) after resuspension are referred to as to, t,, etc. The stages of sporulation are those proposed by Ryter (1965) . Culture density was determined by absorbance measurements at 600 nm in a Unicam SP600 spectrop hotometer .
Protopfast formation and fusion. Sporulating cells, usually from 60 ml culture, were harvested by centrifugation at room temperature (about 20 "C), resuspended in sporulation medium (6 ml) containihg sucrose (20%, w/v) and lysozyme (2 mg ml-'; Grade 1, Sigma) and incubated without shaking at 42 "C. Protoplast formation was usually complete in 10 to 15 min. For complementation experiments, 3 ml portions of the strains under test were mixed and then the suspensions were centrifuged for 5 min at 5000 rev. min-I. The pellet was taken up in 1 ml of the same solution containing, in addition, polyethyleneglycol 6000 (PEG; 40%, w/v) that had been warmed to 37 OC (Schaeffer et al., 1976) . After 1 to 2 min the PEG was diluted by adding 5 ml sporulation medium containing sucrose and lysozyme, and the protoplasts were shaken at 37 "C until tl0. Continuing the incubation for a further 12 h did not appreciably increase the yield of spores.
Determination of heat resistance. Portions (1 ml) of cultures were heated at 80 "C for 40 min unless otherwise stated. The numbers of survivors were determined by plating 0.1 ml portions of serial dilutions on lactate/ glutamate minimal agar plates (Coote, 1972) supplemented with the appropriate auxotrophic requirements. These were chosen to allow independent selection of either of the parent strains in a mixed fusion. Values are given as colony-forming units (c.f.u.) m1-l.
Transformation procedure. Cells were transformed by the procedure of Ephrati-Elizur (1968) and the data were used to calculate recombination indices as described by Piggot (1973) .
R E S U L T S

Survival of sporulating cells after the protoplast fusion procedure
Portions of a culture of the wild-type strain were subjected to the protoplast fusion procedure at intervals during sporulation and the subsequent yield of heat-resistant spores was determined. Fusion early in sporulation resulted in the production of very few spores. The yield of spores rose to a peak for PEG treatment at about t,, and then declined sharply (Fig. 1) . After t, the numbers began to rise again because by then some of the sporangia already contained heat-resistant spores even before the protoplasting procedure. At t , only a few of the cells (< 5 %) contained spores discernible under phase-contrast (phase-grey); the vast majority of cells were phase-dark. The results illustrated in Fig. 1 * Expressed as c.f.u. ml-I in a culture at t , , after sporulation under standard conditions and heat treatment of f Mutant strains producing < 10' spores ml-I are classified as Spo-; those producing more as oligosporogenous $ BGSC, Bacillus Genetic Stock Center, Ohio State University, U.S.A.
the resultant spores at 80 "C for 40 min.
(OSP).
when engulfment of the prespore was complete before lysozyme treatment. The reason for the lower spore yields in samples after t, is not known. In our context, the relevant point is that the PEG treatment at t , still allows production of a good yield of spores.
Fusion of the wild-type with strain 133.2 (spoIVC) Preliminary experiments showed that in a resuspension culture of strain 133.2 sporulation proceeded normally in most of the cells up to stage IV, but that the incidence of stage VI (heat-resistant) spores was < 1 in 10'. Cultures of the wild-type strain and strain 133.2 were subjected to protoplast formation at t,. Portions (3 ml) were removed from each preparation and mixed. The mixture, and also 6 ml of each of the two parent protoplast preparations, were treated with PEG to produce fusion. At t,, the incidence of heat-resistant spores in each culture was determined by plating heat-treated samples (see below) on medium supplemented with either tryptophan or phenylalanine. The wild-type strain fused alone gave colonies only on the tryptophan-supplemented plates; about 6 x lo9 c.f.u. ml-' were obtained and all were Spo+. Strain 133.2 fused alone gave no colonies on either tryptophan-or phenylalaninesupplemented media, even with undiluted suspensions, i.e. the survival rate was ( 5 c.f.u. ml-'. When the two strains had been mixed before fusion the number of colonies on the tryptophan-supplemented plates was about 8 x lo8, all of which were Spa+. On the phenylalanine-supplemented plates about 2 x lo4 c.f.u. ml-' were obtained all of which were asporogenous. The colony morphology resembled that of strain 133.2 and the spores appeared to be a dull phase-white rather than phase-bright. This is characteristic of stage IV mutants.
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Time of protoplasting (h) Wild-type cells grown in hydrolysed casein were resuspended in sporulation medium. At I,, and at hourly intervals up to t,, portions of the culture were treated with lysozyme and the resultant protoplasts were fused with PEG (see Methods).
Incubation was continued until t,, when the suspensions were heated at 80 "C for 40 rnin and serial dilutions were plated for viable counts. Spore completion is expressed as the ratio of the spore count in the protoplasted culture to that in an untreated culture (4 x lo7 c.f.u. ml-l). At its peak the ratio rises above unity because lysozyme separates spores that occur in sister cells or longer chains. In the control culture each of these is counted as a single c.f.u. Fig. 2 . Heat-killing curves for spores formed by an asporogenous mutant complemented by fusion with wild-type. Cells of strain 133.2 (which is blocked at stage IV) were converted to protoplasts at t , and fused with wild-type protoplasts prepared in parallel (see Methods). Incubation was continued until r,,.
Portions of the culture were heated at 65 "C (0) or 80 O C (0) for 60 min. Samples were taken periodically and plated on minimal plates with counterselection against wild-type spores. All the colonies were asporogenous and the counts (c.f.u. ml-l) at 0 min were 3.9 x lo4 (65 OC suspension) and 3.5 x lo4 (80 O C suspension).
There was a possibility that the completion of spores by strain 133.2 could be due to simple cross-feeding by the wild-type strain without fusion. To check this, cultures were protoplasted and mixed as described above but not treated with PEG. No asporogenous colonies were obtained after heat treatment indicating that the PEG treatment was a necessary precondition for completion of spores by strain 133.2.
Resistance properties of spores formed in fused protoplasts. It was possible that vegetative cells or prespores of strain 133.2 in the dense protoplast suspension were being protected from the effects of the heat treatment. We therefore further investigated the resistance to heat and also to toluene. Samples taken at t,, in the fusion experiment already described were heated for 60 rnin at 80 "C and then vortex-mixed with 0.05 vol. toluene for 1 min. This was done to kill any vegetative cells that might have survived. The toluene was blown off and the preparation was plated on medium supplemented with phenylalanine. This additional treatment made no difference to the number of colonies obtained. However, when samples of strain 133.2 and of the wild-type were fused separately and then mixed and subjected to the heat-and toluene-treatment, no colonies appeared on the plates. It therefore seemed very unlikely that the Spo-colonies recovered from the mixed, fused cultures could have been derived from anything except heat-resistant spores. We, nevertheless, thought it necessary to examine in greater detail the heat resistance of the presumptive spores formed in fusion experiments. When samples of the fusion culture were heated at either 65 or 80 "C about half of the survivors of the fusion treatment were killed in the first 10 rnin (Fig. 2) . The numbers then remained constant up to 60 min. We therefore adopted a heating period of 40 rnin at to allow spores to be formed by complementation. The culture was heated at 80 "C and plated on minimal plates containing phenylalanine, but lacking tryptophan to counterselect against the wild-type. Only asporogenous colonies, representing about 2 x lo4 c.f.u. m1-I (see Table 3 ), were obtained. Some of these 'post-fusion isolates' were crossed by transformation to establish that they still carried the original spo-I33 mutation. Linkage is expressed in terms of recombination index (see Piggot, 1973 80 "C as a standard procedure that would prevent vegetative cells and prespores from contributing significantly to the viable count.
In passing it may be noted that although the 'fusion' spores possessed a high degree of heat resistance this was somewhat less than that of mature spores produced under normal conditions. Thus at 86 " C the spores formed in fusion experiments were slowly killed (about 90% in 30 min; data not shown) whereas 'normal' spores were fully resistant at this temperature.
Genetic analysis of recovered Spo-strain. The asporogenous bacteria recovered after heat treatment were phenotypically similar to strain 133.2. However, it was necessary to show that they were genetically identical (see Discussion). Strain 133.2 and the asporogenous colonies arising after its fusion with the wild-type strain were used as recipients in transformation experiments with two other mutants, 23.1 (also spolVC) and 36 (spoIIIE) as donors. Phe+ recombinants were selected and the proportion of Spo+ cotransformants was determined in each cross (Table 2 ). The recombination indices were virtually identical -0 -199 (for strain 133.2 and 23.1) and 0.205 (for the Spo-strain after fusion and 23.1) -and well within the experimental error. This showed that the strains before and after fusion carry mutations in the same map region. To ensure that the isolates after fusion and strain 133.2 were identical, the derivatives from fusion were transformed with DNA from strain 133.1 (trpC2) which carries the same spoIVC mutation. Once again Phe+ recombinants were selected and 18 600 colonies were examined. All of these were Spo-, i.e. there was no detectable recombination between the two strains. This provides further evidence that the survivors of the protoplast fusion carried the original spo mutation.
Complementation of other spo mutations by wild-type
Representative strains of all of the known sporulation regions showing blockage at stage I11 or later (Piggot & Coote, 1976) were fused with either the wild-type strain or with strain MY20 16 which also sporulates normally. The strains selected were either asporogenous or the least leaky (oligosporogenous) available to us. The Spo-strains that were complemented by the Spo+ strains and that gave rise to asporogenous colonies after heat treatment carried mutations in the spoIIIC, spol VA , spol VB, spol VC, spol VD, spoIVE, spol VF, spol VG and spoVF loci (Table 3) . In all of these, the incidence of heat-resistant spores was increased by a factor of at least 5 x lo2 and more usually by >lo3 (Table 3) . Asporogenous strains that were not complemented by Spo+ strains were those carrying mutations in the following loci: spoIIIA, spoIIIB, spoIIID, spoVA, spoVB, spoVC, SPOVD and spoVE. One strain (36, spolllE) may have been weakly complemented by the Spo+ strains with a 30-fold increase in the spore count.
B . N . D A N C E R A N D J . M A N D E L S T A M
There was little difference in results whether strain 168 or strain MY2016 was used as the Spo+ donor. This is shown by the fusions involving strains 23.1, 133.1 and 133.2 which additionally indicate that the selection used for the asporogenous strain (rifampicin, or tryptophan, or phenylalanine) did not significantly affect the yield of colonies.
Complementation between strains blocked at different stages of sporulation
If the results described so far are due to complementation it follows that (i) if a Spo-strain is complementable by the wild-type it should be complementable by other Spo-strains provided that they do not carry mutations in the same cistron, and (ii) a spo mutation that is not complementable by the wild-type should not be complementable by a strain carrying some other spo mutation.
To test these predictions some additional fusion experiments were carried out and the results were in conformity with expectation. Thus, fusion between mutants carrying spoIVC or Table 4 . Complementation of sporulation mutants by fusion with other sporulation mutants Cells of two different Spo-strains were converted to protoplasts at t3 and fused. At t,, the suspensions were heated at 80 "C and sampled for viable counts using agar plates with separate selection for each of the strains. Each strain when fused alone produced no spores even when the undiluted suspensions were plated. * C and NC indicate that the strain was complementable or not complementable, respectively, by fusion with wild-type (Table 3) . Table 5 .
Complementation analysis of mutations in the spoIVC locus
Three mutant alleles were used in pairs. The cells were converted to protoplasts at t,, mixed and fused. At t,, the suspensions were heated at 80 "C and sampled for viable counts using agar plates with separate selection for each of the strains. Each strain when fused alone produced no spores even when the undiluted suspension was plated.
Spore formation (c.f.u. spol VG (complementable) and spo V (non-complementable) resulted in spore production in the spoIV strain but not in the spoV strain (Table 4) . Fusion of strains carrying spoIVC and spoIVG alleles (both complementable) resulted in the formation of spores giving colonies of both parental types (Table 4) . Fusion of strains carrying two non-complementable spo V mutations resulted in no detectable colonies of either parental type.
Complementation analysis of mutations in the spoIVC locus Having established that complementation occurred in mutants with lesions in different spo loci, we then applied the method to strains carrying closely linked mutations in the same locus. We chose the spoIVC locus which contained three mapped alleles in the order 133-149-23 (Coote, 1972) , all of them being complementable (see Table 3 ). When these three strains were protoplasted and fused in pairs, reciprocal complementation was obtained between spo-149 and spo-23 and both parental types were recovered in roughly comparable numbers: 1.5 x lo3 and 5.2 x lo3, respectively ( Table 5 ). There was also reciprocal
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complementation between spo-133 and spo-23, and the numbers of colonies were again very similar. There was no complementation in either direction between spo-149 and spo-133. These complementation data are considered in relation to the map positions of the alleles in the Discussion.
D I S C U S S I O N
The object of the work described in this paper was to determine whether protoplast fusion could be used for carrying out complementation analysis of sporulation mutants. The results summarized in Table 3 apparently indicated that complementation could be obtained with about half of the spo loci controlling stages 111, IV and V. Nevertheless, the possibility had to be considered that these results might be spurious. Such a result could arise if prespores or vegetative cells in the rather dense fusion mixture survived the heat treatment. For this reason we established heat-killing curves at 65 and 80 "C. It is apparent that rapid killing occurs even at 65 "C in the first 5 min and that after 10 min the viable population has reached a plateau (Fig. 2) . At 80 "C the plateau is reached in the same time and is only very slightly lower. From these curves it seems safe to assume that a 40 min heating period at 80 "C should be ample to kill virtually all vegetative cells. As an additional check the survivors of the heat treatment were subjected to emulsification with toluene; this did not affect the viable count. We therefore believe that the procedure used gives a valid measure of the number of heat-resistant spores. We also carried out genetic analysis with strain 133.2 to ensure that the spores recovered after the fusion treatment gave rise to cells carrying the same spo lesion as the parent.
If these tests are accepted as establishing that the survivors of fusion and heating are indeed spores, one could still maintain that they had been formed as a result of genetic recombination rather than complementation. The argument is as follows: suppose that an asporogenous recipient cell at stage I11 or IV receives part or all of a normal chromosome as a result of fusion. Thus genetic recombination occurs between the endogenote and the incoming DNA producing a correction of the genetic defect. The mutant protoplast now has a 'normal' chromosome in the mother cell and, of course, a mutated chromosome of the parental type in the spore compartment. Sporulation can now proceed normally and when the spore germinates it gives rise to a colony of asporogenous cells with the mutant (parental) genotype.
This interpretation is difficult to disprove formally but we consider it unlikely in view of the data obtained after fusing mutant strains having closely linked mutations. If recombination occurs, its frequency would be determined by the distance between the spo mutations involved. We can now consider the three mutations in the spoIVC locus. These, and the relative map distances between them as measured by the recombination index (Coote, 1972) , are as follows: -, o.
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The distances between spo-133 and spo-149 and between spo-149 and spo-23 are very similar. If recombination had been responsible for the observed degree of sporulation, the numbers of spores recovered from the corresponding pairs of fused protoplasts should also have been similar. Instead, the first pair (spo-133 and spo-149) yielded no spores at all while the second pair (spo-149 and spo-23) gave good recovery of both parental types (Table 5) . It is also significant that the numbers of spores of strain 23.1 'rescued' by 149.1 and by 133.2 are almost identical, even though the mutation in the latter strain is about twice as far from the mutation in strain 23.1. The most reasonable interpretation of these experiments is that the mutants are being rescued by complementation and not by genetic recombination. From the same analysis it follows that spo-149 and spo-133 are mutations in the same cistron, and consequently no spores of either type are recovered. By contrast, fusions with strains carrying spo-23 result in reciprocal complementation with both of the other mutants and recovery of both types in each case. The conclusion that can be drawn is that spo-23 is in a separate cistron from the other two mutations. It thus appears that spoZVC contains at least two cistrons, and an analysis with a larger number of alleles should establish the number of cistrons in this locus.
Reference to Fig. 3 shows that complementable and non-complementable loci may be in close proximity to one another and are scattered over the map. Nine -possibly ten, if one includes spoZZZE -of the loci examined showed complementation. Most of these appear to be concerned in stage IV of the sporulation process. A notable exception is spo-224 (VF) in which a high rate of complementation was obtained (Table 3) . It is worth noting that this mutant can be phenotypically cured by addition of dipicolinic acid to the sporulation medium. It is presumably defective in synthesis of this compound and one would therefore expect that if it were fused with wild-type cells making dipicolinate it would be effectively complemented. We have no explanation for the fact that none of the other spoV mutants and none of the spoIII mutants was complemented. [The complementable strain listed in Table 3 as IIIC has apparently been misclassified; phenotypically it is a stage IV mutant (Piggot & Coote, 1976) . We have retained the IIIC designation in the past because this mutant is listed in this way in a number of review articles.]
We would, in particular, have expected stage V mutants to be complemented. There is now ample evidence to show that by the time sporulation has reached this stage all the proteins needed for developing heat resistance have already been synthesized; the acquisition of the resistance properties requires only the assembly of these proteins (Jenkinson et al., 1980, 198 1) . The failure to obtain complementation might be due to dominance of the spo mutation. Thus, the incorporation of a defective protein into the spore coat might produce a structure that is irremediably altered even though the fused sporangium contains 'correct' proteins generated by the spo+ genotype. An additional factor that complicates the interpretation of
B . N . D A N C E R A N D J . M A N D E L S T A M
negative results is the locus of expression of the mutated gene -spore or mother cell -and the diffusibility of its product (see Introduction). However, this factor is not likely to have affected all the stage V mutants tested and it remains surprising that none of them were complementable except the dipicolinate-deficient strain.
It is possible that an alteration in experimental conditions might result in successful complementation of some stage I11 and stage V mutants. Even without this, and on the basis of the present results alone, it should be possible to carry out a detailed analysis of the nine or ten sporulation loci which we have shown to be complementable. Such an analysis should establish the number of cistrons in a significant fraction of the sporulation loci so far identified.
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